The taxonomic position of isolates of a new genomic species (designated genomic species 2) obtained from several annual Medicago species and originating from different geographical locations was established through the results of phenotypic tests (including the results of auxanographic and biochemical tests and symbiotic properties) and 16s rRNA phylogenetic inferences. A comparison of the complete 16s rRNA sequence of a representative of genomic species 2 (strain A 321T [T = type strain]) with the 16s rRNA sequences of other members of the Rhizobiaceae and closely related taxa showed that genomic species 2 was phylogenetically related to Sinorhizobium meliloti, Sinorhizobium fredii, Sinorhizobium saheli, and Sinorhizobium teranga. The levels of sequence similarity and observed numbers of nucleotide substitutions in Sinorhizobium strains indicated that A 321T and S. meliloti exhibited the highest level of sequence similarity (99.7%), with four nucleotide substitutions and one deletion. The results of a numerical analysis based on data from 63 auxanographic and biochemical tests clearly separated genomic species 2 isolates from S. meliloti. Genomic species 2 isolates nodulated and fixed nitrogen with Medicago polymorpha, whereas S. meliloti isolates were ineffective and formed rudimentary nodules on this host plant. On the basis of phenotypic and 16s sequence analysis data, genomic species 2 isolates cannot be assigned to a previously described species. We propose that these isolates belong to a new species, Sinorhizobium rnedicae.
gen with most annual Medicago-infective isolates, while other Medicago species (e.g., Medicago laciniata, Medicago polymorpha, Medicago sauvagei, and Medicago rugosa) are more specific and form effective symbioses with only a few isolates. These findings suggest that there is a subspecific sinorhizobial structure. A multilocus electrophoresis and restriction fragment length polymorphism (RFLP) analysis of the 16s rRNA gene yielded two genetically distinct divisions, divisions A and B, for isolates obtained from various Medicago species (7), which supported the hypothesis that the species should be divided. In a previous study in which the genetic diversity of sinorhizobia that nodulate spontaneous annual Medicago species in the south of France was examined, 73 M. truncatulainfective sinorhizobia were characterized by using the DNA polymorphism of four amplified DNA regions localized on the symbiotic plasmid or on the chromosome. These isolates fell into two genotypic groups (22). DNA-DNA hybridization data showed that these groups represented two different genomic species (22) . The first species corresponded to S. meliloti, whereas the members of the second group exhibited low levels of DNA homology with several S. meliloti strains and belonged to another genomic species. These results corroborated those of Eardly et al. (7), which strongly suggested that rhizobia that PCR-RFLP groups 1 and 2 and the genomic species have been described prev ND, not determined.
nodulate Medicago species should be placed into at least two species.
In this study, nine strains which were obtained from annual Medicago species (including two strains from Eardly et al.
[7]) and were genomically distinct from S. meliloti were compared with reference strains of S. meliloti and the closely related species S. fredii.
Consistent with the recommendations for Rhizubiuceae taxonomy (12), we used cultural characteristics (from auxanographic and biochemical tests), genomic characteristics (16s rRNA sequence data), and symbiotic characteristics to establish the taxonomic status of the organisms studied.
MATERIALS AND METHODS
Bacterial strains. The 15 Sinorhizobium strains which we studied are listed in Table 1 . Eleven strains, which were identified as either S. meliloti or genomic species 2 strains, were isolated from two M. truncatula L. ecotypes which are found at two sites in southern France, named Aude and Var and identified as A and V, respectively. Two strains isolated from M. truncatula and Medicago orbicularis in Syria were also included; these strains are representatives of division B as defined by isoenzyme characteristics (7). S. fredii USDA 205 is the type strain of the type species of the genus Sinorhizobium (5). In phenotypic tests, we used strain RCR 2011 as the reference strain for S. meliloti (5, 18). This strain, which was included in division A of Eardly et al. (7), is closely related to S. meliloti ATCC 9930T (T = type strain) and is currently used as a reference strain for S. meliloti (5).
All strains were maintained on yeast extract-mannitol (YEM) medium (27) . Unless otherwise stated, cultures were incubated at 28°C. DNA extraction. Bacterial DNA was extracted from 150-ml stationary-phase TY broth cultures as described by Brenner et al. (1) . TY medium contained (per liter of distilled water) 10 g of Bacto Tryptone (Difco) and 6 g of yeast extract (Difco), as well as 6 mM CaCl, * 2H,O.
16s rRNA gene sequencing. The 16s rRNA gene of strain A 321T was amplified by PCR by using the procedure of Mullis and Faloona (20) . The following two prokaryote-specific primers were used: FGPS6-255 (5 '-TGGAAAGCITG ATCCTGGCT-3') and FGPS 1509'-153 (5'-AAGGAGGGGATCCAGCCGCA -3') (the underlined sequences are HindIII and BamHI restriction sites, respectively). The amplified fragments were purified with a Geneclean kit (Bio 101, La Jolla, Calif.) according to the manufacturer's instructions. The PCR fragments were cleaved with endonucleases HindIII and BamHI and ligated into the Bluescript SK-vector (Stratagene, La Jolla, Calif.) digested by the same enzymes. Plasmid purification from host strain DH5aF' was performed with QIAGEN midi-prep columns (Diagen, Dusseldorf, Germany). Five clones were pooled for the sequencing reaction in order to obscure possible errors due to the Taq polymerase.
Sequencing was performed by using the dideoxy chain termination method of Sanger et al. (24) . A T7 sequencing kit (Pharmacia LKB, Uppsala, Sweden) was used. DNA sequence analysis. 16s rRNA sequences were aligned by using the piously (22) .
Clustal multiple-alignment program (13) . Sites involving gaps were excluded from all analyses. Evolutionary distances corrected for multiple substitutions were computed by using Kimura's two-parameter model (17). A phylogenetic tree was inferred by using the neighbor-joining (NJ) method (23) . The NJ method is considered one of the most efficient methods for recovering phylogenetic trees (23 Phenotypic tests (i) Growth characteristics. In order to determine the capacity of the organisms to grow at different pH values and temperatures and their tolerance to sodium chloride, starter cultures were grown at 28°C to the log phase (10' bacteria per ml) in YEM broth, and 5-ml portions of YEM broth were inoculated in triplicate with 5O-pl portions of the starter cultures. The presence or absence of growth was scored in inoculated tubes after 3 days. The pH tolerance of strains was determined by using YEM broth preparations in which the pH values were adjusted to 4.0,5.0,6.0,9.0, and 10 ( 2 0.1 pH unit) by adding HCl or NaOH. Growth was also examined at 37 and 42°C. Sodium chloride tolerance was determined by using YEM broth preparations in which the concentrations of NaCl were 2 and 3% (wt/vol). Control cultures were grown under standard conditions in YEM medium (0.1% [wt/vol] NaCl, pH 7, 28°C).
(ii) Antibiotic susceptibility. Triplicate antibiotic resistance tests were performed by measuring the diameters of inhibition zones on YEM agar plates containing the following antibiotic discs: polymyxin (300 mg), streptomycin (10 mg), tetracycline (30 mg), neomycin (30 mg), chloramphenicol (30 mg), nalidixic acid (30 mg), vancomycin (30 mg), and penicillin G (6 mg) (SANOFI Diagnostic Pasteur, Marnes-la-Coquette, France). The susceptibilities of the strains were deduced from the antibiograms (SANOFI Diagnostic Pasteur) on the basis of the diameters of the inhibition zones.
(iii) Biochemical and auxanographic tests. A total of 49 carbohydrates were used as sole carbon sources in API 50CH microtube system rapid procedures (BioMCriew, La Balme Les Grottes, France). The preparations were inoculated as recommended by the manufacturer, and the test strips were incubated at 28°C. Results were scored every day for 5 days.
(iv) Data analysis. The genetic distance between each possible pair of isolates tested for awanographic and biochemical characteristics was estimated by comparing the phenotypic variables, using the Jaccard similarity coefficient (26) . In this procedure the sum of effective matches is computed and divided by the total 
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possible number of matches for each pairwise calculation. Clustering from a matrix of pairwise genetic distances was performed by the unweighted pair group method with arithmetic averages (26) .
I~V ) Symbiotic properties. Strains obtained from M. truncatula, strain RCR 2011 obtained from M. sativa, and strain M3 obtained from M. orbicularis were tested for the ability to nodulate and fix nitrogen on M. truncatula (ecotype Aude) and M. polymorpha (ecotype Combaillaux). Seeds were surface sterilized in 1% (wt/vol) calcium hypochlorite for 2 min, rinsed with sterile water, and then scarified. These seeds were germinated for 72 h on 0.7% (wthol) agar medium in a growth chamber at 28"C, and germinated seeds were placed aseptically in Gibson tubes (11) supplemented with a nitrogen-free plant nutrient solution (3). Each tube was inoculated with a rhizobial suspension from an early-stationaryphase culture. Uninoculated plants and plants to which nitrogen [lo mM CaI(NO3)J was added were used as controls. Fifteen replicates were prepared for each treatment. After 50 days, the plants were harvested, the number of nodules was counted, and the nodule dry weight was determined after the nodules were dried for 48 h at 70°C.
Nucleotide sequence accession number. The 16s rRNA sequence of strain A 321T which we determined has been deposited in the GenBank data library under accession number L39882.
RESULTS
DNA analysis. The total 16s rRNA sequence of genomic species 2 isolate A 321T was determined. This sequence was aligned and compared with the 16s rRNA sequences of other members of the alpha 2 subclass of the Proteobacteria. From the results of this comparison of aligned sequences we deduced that on the basis of its 16s ribosomal DNA (rDNA) sequence strain A 321T clusters with the Sinorhizobium lineage (data not shown). Figure 1 shows the 16s rDNA sequence of isolate A 321T aligned with the 16s rDNA sequences of S. meliloti A.TCC 9930T, S. fredii USDA 205T, S. teranga ORS 1009T, and S. saheli ORS 609T. Table 2 shows similarity values and observed numbers of nucleotide differences for the sequences of Sinorhizobium species. The 16s rDNA of A 321T was most similar to the 16s rDNA of S. meliloti (level of similarity, 99.7%, corresponding to four nucleotide substitutions and one dleletion). The four nucleotide substitutions occurred in two variable regions of the gene (Fig. l) , at position 133 and from position 923 to position 933; the deletion was located at position 845.
Evolutionary distances between members of the Rhizobiaceae and some related genera were computed, and a phylogenetic tree was constructed by using the NJ algorithm and the painvise evolutionary distances (Fig. 2) . Bootstrap confidence intervals of the various clusters on the NJ tree were estimated from 1,000 replications (9). Bootstrap values greater than 95% are shown in Fig. 2 . The results of this analysis clearly placed the Sinorhitobium species in a monophyletic cluster for 99% of the bootstrap replicates. Isolate A 321T and S. meliloti were clustered on a monophyletic lineage within the genus Sinorhizobium in 100% of the bootstrap replicates.
Phenotypic tests. All of the isolates studied were gram-negative, motile, non-spore-forming, rod-shaped bacteria. On YEM medium, they were mucous, and they acidified the medium, changing the pH from 7 to 5. The generations time were between 3 and 5 h. All of the isolates grew at 28°C at pH 5 to 10 and at 37°C but not at 42°C. Strain RCR 2011 and the S. meliloti isolates grew at pH 4, whereas all of the genomic species 2 isolates except M104 and S. fiedii did not grow at this pH. All of the isolates tolerated 2% (wtlvol) NaC1. S. meliloti isolates grew in the presence of 3% (wt/vol) NaC1, while the growth of genomic species 2 isolates and S. fredii was variable under these conditions.
The results of tests to determine resistance to eight antibiotics showed that all of the isolates were resistant to nalidixic acid and penicillin G and susceptible to polymyxin. Strain RCR 2011 (S. meliloti) and strain USDA 205T (S. fredii) were susceptible to chloramphenicol. Strain USDA 205T was the only strain that was susceptible to streptomycin. Genomic species 2 strains could be distinguished by their susceptibility to neomycin. In contrast, chloramphenicol susceptibility, tetracycline susceptibility, and vancomycin susceptibility were variable depending on the isolate and could not be used to separate group 1 and 2 rhizobia.
A total of 45 carbon sources were tested, and the following ' A total of 13 isolates obtained from M. truncatula and M. orbiculuris (Table 1) .
I I r Sinorhizobium medicae (A321)
See Table 1 . Table 3 . Numerical analysis of phenotypic data. The numerical analysis of phenotypic data included data from 49 auxanographic tests, as well as data for tolerance to NaCl, pH, and antibiotics; a total of 63 characteristics were used in this analysis. The resulting dendrogram is presented in Fig. 3 , and this dendrogram shows that the Medicugo isolates were separated into two major groups. The first group contained S. meliloti RCR 2011 and four isolates from M. truncutulu received as S. meliloti 
DISCUSSION
The genus Medicugo comprises more than 60 different species, including annuals and perennials. The primary center of diversity of the genus is in the Mediterranean basin (19) . The biodiversity of sinorhizobia which naturally form symbiotic associations with annual Medicugo species was investigated previously by workers who used phenotypic and genomic approaches (3, 7, 22). These studies revealed that there are two groups of Medicugo-infective Sinorhizobium isolates. The first group (group A of Eardly et al. [7] , group I of Brunel et al. [3] , and group 1 of Rome et al. [22] ) corresponds to S. meliloti. The second group (group B of Eardly et al. [7] , group I1 of Brunel et al. [3] , and group 2 of Rome et al. [22] ) represents a separate genomic species. The purpose of this study was to establish the taxonomic position of this genomic species by using phenotypic tests and 16s rRNA sequencing.
16s rRNA sequence analysis data are currently used to measure phylogenetic relationships. Relatively well-conserved regions of the 16s rRNA sequence can be used to infer natural relationships between distantly related species, whereas variable regions can be used to analyze closely related species (14). Comparisons of the 16s rRNA sequences of species belonging to the Rhizobiuceue have demonstrated that this approach can be used to classify isolates at the species and higher levels (18, [28] [29] [30] . In the present study, the total 16s rRNA sequence of a genomic species 2 isolate was determined to estimate the relationship between this genomic species and the other members of the genus Sinorhizobium. After alignment and comparison of sequences we found that genomic species 2 strain A 321T and the type strain of 5 ' . meliloti had distinct sequences INT. J. SYST. BACTERIOL.
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a Average 2 standard deviation. (Fig. 2) . The difference observed is consistent with DNA-DNA hybridization results since S. meliloti and genomic species 2 were found to exhibit 42 to 60% DNA homology (22) . Thus, it can be deduced from these results that S. meliloti and genomic species 2 have diverged sufficiently to be considered two distinct species. Isolate A 321T and isolate CC169 belonging to group B of Eardly et al. (8) have identical 16s rRNA sequences between position 17 and position 276 (Fig. l) , a variable region in the ribosomal gene which allows S. meliloti and genomic species 2 to be distinguished. This finding confirmed that genomic species 2 and the group B strains of Eardly et al. (7) are equivalent, as noted previously (3, 22) . A phylogenetic tree was constructed by transforming the 16s rDNA sequence variations into evolutionary distance values (Fig. 2) . Bradyrhizobium japonicum and Azorhizobium caulinodans were used as the outgroups. This analysis revealed the relationship between genomic species 2 and the Sinorhizobium species, as well as the relationship between the genus Sinorhizobium and the other genera of the Rhizobiaceae. The results of this phylogenetic analysis showed that genomic species 2 and S. meliloti are cllosely related taxa in the Sinorhizobium group and suggested that these two species diverged later than the other species of the genus. The genetic divergence is supported by the results of the numerical analysis of 63 auxanographic and biochemical characteristics (Fig. 3) , which showed that S. meliloti and genomic species 2 have distinct phenotypic characteristics (Table 5).
Since annual Medicago species exhibited various sinorhizobial specificities (2, 3, 21), we wondered if the symbiotic properties could be used to discriminate between S. meliloti and genomic species 2. To examine this possibility, we chose a promiscuous nodulating plant species and a more selective nodulating plant species for inoculations (M. truncatula and M. polyrnoipha, respectively). All isolates of S. meliloti and genomic species 2 were able to nodulate and fix nitrogen with the promiscuous plant species, M. truncatula, Conversely, only genomic species 2 isolates could nodulate effectively and fix nitrogen with M. polymoipha, S. meliloti isolates formed ineffective rudimentary and white nodules on this plant. Similar inefficient nodules were also observed and described by Brockwell and Hely (2) and by Brunel et al. (3) with the same host plant species. In the present study we demonstrated that the formation of such nodules is triggered by isolates belonging to S. meliloti. Consequently, 5'. meliloti forms effective nodules with M. truncatula (3, 22), M. sativa, M. minima, M. orbicularis, and M. rigidula (3), whereas strains belonging to genomic species 2 form effective nodules with M. polymorpha in addition to the other Medicago species listed above.
It has been recognized previously that the phylogenetic relationship of the nod genes (nodDI, nodD2, nodD3, n o d , no&) matches the host spectrum of rhizobia and reflects the taxonomic divisions within the Leguminosae (6, 31). On the basis of PCR-RFLP results, it was demonstrated that genomic species 2 and S. meliloti strains have different nodD gene pat- terns (22) . In this study we found that genomic species 2 strains do not have the same host spectrum as S. meliloti strains. Consequently, it is possible that differences in nodD patterns may be related to an adaptation between genomic species 2 isolates and certain Medicago host plant species, such as M. polymorpha. A summary of data from four recent studies, including the results of an extensive characterization of annual Medicago sinorhizobia, is shown in Table 6 . Common reference strains were included in all of these studies, which allowed comparisons to be made. The large number of strains studied, together with the wide range of geographical origins, allowed us to conclude that Sinorhizobium strains that nodulate Medicago species can be separated into two genetic groups on the basis of isoenzyme patterns (7), chromosomal and plasmid typing data (22) , DNA-DNA hybridization data (22) , phenotypic test data, symbiotic properties, and 16s rRNA sequence data and that these groups correspond to two species. Genomic species 1 corresponds to S. meliloti since strain RCR 2011, which belongs to this group, exhibited 73% DNA-DNA homology with the S. meliloti type strain (strain ATCC 9930) (25) . Moreover, strains RCR 2011 and ATCC 9930T had identical PCR-RFLP 16s rDNA genotypes (18) and isoenzyme electrophoretic types (7). Since strain RCR 2011 is closely related to strain ATCC 9930T, it is currently used as an S. meliloti reference strain (3, 5, 7, 18, 22, 25).
Genomic species 2, which was clearly identified by all of the approaches described above (Table 6) , is a new Sinorhizobium species, for which we propose the name Sinorhizobium medicue.
Description of Sinorhizobium medicae sp. nov. Sinorhizobium medicae (me'di.cae. N.L. gen. N, medicae, from medica, the Latin name for plants belonging to the genus Medicago). Gram-negative, aerobic, non-spore-forming rods. Colonies on YEM agar are circular, mucous, and semitranslucent and spread over an entire plate within 3 to 5 days at 28°C. The mean generation times range from 3 to 5 h in YEM medium. The maximum temperature for growth is 40°C for most strains. Growth at 28°C on YEM agar is inhibited by 3% (wthol) NaCl and by pH values of less than 5.0. The strains are resistant to penicillin G, nalidixic acid, chloramphenicol, and streptomycin and are able to use 25 of 49 carbohydrates tested. Strains belonging to this species have been isolated from M. truncatula (22) , M. orbicularis (7), M. polymorpha (3,7), and M. rugosa (8) from different geographical sites (south of France [3, 221 and eastern Mediterranean basin [7] ) which are located in the center of origin of the genus Medicago. The strains are able to nodulate the Medicago species from which they were isolated. S. medicae can be distinguished from S. meliloti on the basis of its host spectrum since S. medicae strains fix nitrogen on M. polymorpha, whereas S. meliloti strains form ineffective nodules on M. polymolpha. S. medicae can be differentiated from the other members of the genus Sinorhizobium by phenotypic and genomic characteristics and particularly by its unique 16s rRNA sequence. The type strain of S. medicae is strain A 321, which has the characteristics given above for the species.
